Recovery factor (RF) is one of the most important parameters for economic justification in the petroleum industry. The RF is calculated from the ratio between expected ultimate recovery (EUR) and original oil-in-place (OOIP). However, many uncertainties exist in OOIP estimations, mainly due to inaccurate information about reservoir drainage area. In unconventional reservoirs, the estimations of drainage area and OOIP are more complicated due to unknown factors such as fracture networks in the system, reservoir pressures, pore volumes, and in situ hydrocarbon properties.
Introduction
Many unconventional formations have large volumes of remaining oil still contained in the reservoir. Recovery Factor (RF) is such formations is difficult to assess mainly because the input data needed for calculations are poorly known and can have large uncertainties. Moreover, less production data in young fields cause uncertainties in estimations as well. For example, RF for the Bakken Formation from previous studies ranged from 0.7 -50% (Price, 1984; Bohrer et al., 2008) . We investigate here the Bakken Formation and analyze distributions of the RF given a possible range of the input parameters. We also analyze the effects of each of the input parameters on our calculations to determine RF sensitivity to different input values.
The Bakken Formation is a thin and deep unit from the Late Devonain to Early Mississippian (Meissner, 1978) covering 200,000 square miles (Houston et al., 2010) in the Williston Basin (Figure 1 ). The Williston Basin has large volumes of remaining oil still contained in the reservoir. The recovery of this remaining oil is related to the recovery factor (RF), thus affecting the expected net revenue of projects into the Bakken.
In unconventional reservoirs, such as tight sands or shale reservoirs, multi-stage hydraulic fracturing is required to make the reservoir productive. In such formations, the RF calculation is more complicated due to the complexity of reservoir drainage area estimation. The drainage area depends on boundaries and spatial distributions of naturally and hydraulically fractured networks, which are very difficult to determine. Thus, the RF result from the direct method contains many uncertainties. For example, in the Bakken Formation, the current recovery factor is still ambiguous and not often reported. In 1992, the RF was estimated between 15% to 20% for horizontal wells (Reisz, 1992) . In 2008, from reserves and RF analyses by county, RF was proposed to range from 0.7% to 3.7% (Bohrer et al., 2008) . In 2009, the factor was recently estimated at approximately 6.1% to 8.7% (Clark, 2009 ). Generally, the RF is calculated from the ratio between expected ultimate recovery (EUR) and original oil-in-place (OOIP). The EUR or recoverable hydrocarbon volume can be estimated from historical production data. Based on the declining production rates, a decline trend can be drawn to match the data for forecasting the future expected rate. If the abandonment rate is known, the EUR will be determined from the forecasted cumulative production at the abandonment rate. This technique is known as decline curve analysis (DCA) and is applied in this paper for EUR estimation in the Bakken Formation. The OOIP is determined by a volumetric approach, which requires knowledge about the reservoir drainage area. In practise, the size and the shape of drainage areas are difficult to find and are associated with geological uncertainties. In consequence, poor estimation of the OOIP can lead to inaccurate RF results from this direct method. The material balance equation (MBE) approach has also been widely used to estimate reserves volumes. This volume balance approach (Eq. 1) depends strongly on reservoir and PVT properties; it is independent of reservoir drainage area. The application of the MBE for the Bakken Formation is not new. For example, Clark (2009) simplified the MBE from Dake (1978) for a depletion drive reservoir producing initially above bubble point pressure. In addition, Clark (2009) assumed that there is no gas cap and water encroachment in the system. The MBE was rearranged to show the relationship between cumulative production (N) and original oil-in-place (N p ) at above bubble point pressure only, so the RF above bubble point pressure was determined using Eq. (4). In this study, the MBE method will be extended to calculate oil RF in the Bakken Formation both above and below bubble-point pressure. Since it is very difficult to acquire all of the required reservoir parameters, a reasonable range of these parameters in the basin will be used to calculate a range of RF values for three studied fields; Antelope, Sanish and Parshall fields (Figure 2 ). 
Methodology
The RF is calculated by the MBE approach. In this study, the Bakken Formation is assumed to be an undersaturated oil reservoir (Clark, 2009) with no aquifer or water encroachment (Meissner, 1978) . In addition, the water production is negligible (Meissner, 1978) ; from the production data, the water-oil ratio is as low as 0.01 -0.06 bbl water/bbl oil. For undersaturated oil reservoirs, the MBE is divided in two phases based on the reservoir pressure. When the reservoir pressure is above bubble-point pressure (P > P b ), only liquid phase oil exists, and no free gas phase forms in the reservoir. During this period, the produced oil is driven by liquid and formation expansion. Once the reservoir pressure decreases below bubble point (P ≤ P b ), the gas dissolved in the oil comes out of solution, and forms a free gas phase in the reservoir. The well has higher gas production rates resulting from free gas. Now the fluid flow is predominantly driven by gas expansion.
The general form of the MBE (Craft et al., 1991) is presented in following equations (for explanations of the symbols used in Eq. (1) and all subsequent equations, please see Nomenclature at the end): 
Where,
Eq. (1) is simplified based on the above-mentioned assumptions of no water encroachment and undersaturated oil reservoir:
For pressures above bubble-point pressure, the initial solution gas-oil ratio (R soi ) is equal to the solution gas-oil ratio (R so ) and the cumulative produced gas-oil ratio (R p 
For pressures below bubble-point pressure, the equation can be derived from Eq. (3) and rearranged to 
In Eq. (4) and (5), the RF is function of PVT properties (B o , R so , etc) which are calculated by correlations. The primary reservoir parameters used as input for calculating the PVT properties are obtained from several technical papers as shown in Table 1 . In this study, we use two approaches to calculate RF from Eq. (4) and (5). In the first, deterministic, approach, we use a single average value and calculate the RF. In the second, probabilistic method, we take the entire range reported for the input parameters and calculate a range for RF. Both methods are discussed below.
Deterministic method for RF calculation
The deterministic method presents a single result for the RF calculation. Since ranges exist for the primary reservoir data, average values of each parameter are determined, as shown in Table 1 . Theses average values are used in the PVT property correlations; and a single value of the RF based on the average primary reservoir parameters is calculated. 
Probabilistic method for RF calculation
The probabilistic method presents the range of results in a probabilistic distribution. Unlike the deterministic method, the results show numerous values based upon numbers of trials or runs. This method begins with the generation of distributions of each primary parameter and the PVT properties and the RF are computed using a Monte Carlo simulation (in Matlab software). This process randomly picks a single value from each parameter distribution to calculate a single RF value and the process repeats to create a range of probable RF values. In this study, the calculations of PVT properties and the RF are repeated for 100,000 times and the results are presented in a distribution.
EUR estimation
Unlike the RF, the EUR in this study is analyzed on a well-by-well basis. The North Dakota Industrial Commission (NDIC) website is a good resource for determining the monthly well production rate. The monthly produced volume given is divided by the number of estimated days of production to obtain the average producing rate for calculating EUR in the Decline Curve Analysis (DCA). In addition, cumulative production in this study is compiled and analyzed as of the end of December 2010, so production from January 2011 onwards is not considered in this study. The DCA approach, which is based on historical production data, is used for forecasting the amount of remaining reserves. The Arps (1945) decline curve model is generally used in the DCA, and presented in the relationship between rate and time as seen in Eq. (6) 1/
(1 )
, Given that b is a number from 0 to 1
To estimate the EUR, the abandonment rate is required. The abandonment rate is the last oil rate delivered before the well is abandoned. This rate is used as a cut-off point to estimate the EUR from the oil rate and time plot (see example in Figure 3 ).
From To
Initial reservoir pressure (psia) P 4,060 7,325 5,700
Cramer (1986) The abandonment rate is normally determined from no flow wells in any given fields. However, this data cannot be determined for fields that have many active or new wells. In this case, the data gathered from adjacent fields are used instead. In the study, the abandonment rate data of three producing Bakken Formation of the Antelope, Sanish and Parshall fields are analyzed separately. In the Antelope Field, almost all of the wells are vertical wells, of which approximately 80% are already abandoned. As a result, there is ample abandonment rate data in this field. The 26 reasonable data points in Sanish pool are gathered, ranging from 1.74 bbl/d to 19.13 bbl/d, with the median value of 7 bbl/d. In the Sanish Field, all producing wells were drilled and produced in the Bakken pool with horizontal well completions. Initial production started between 2006 to 2010. Although, all wells are new and still producing, a declining rate can be observed for some wells. The other wells, which started producing in 2010 or still produce with high rates, have not yet shown a declining rate response. For these reasons, matching the decline curve model to these data is more difficult and provides less reliable results. To determine the reasonable abandonment rate in the Sanish Field, the abandonment rate data of neighboring fields are considered. Based on the nearby location and similarity of depth, the data points in the Antelope Field are used as analogous data for the Sanish Field. Similar to the Sanish Field, the Parshall Field was developed with horizontal well completion. All the wells in the Parshall Field began producing between 2006 to 2010, and have no abandoned wells for gathering abandonment rate data. In this case, the abandonment rate data from the Stanley Field (median value = 5.5 bbl/d) are used as analogous data for estimating the EUR in the Parshall Field.
Deterministic and probabilistic recovery factor results
Using the RF calculation procedure, deterministic and probabilistic values of the RF for the Antelope, Sanish and Parshall fields are calculated. Given that RF calculations require many, often poorly known, input parameters, probabilistic method for RF calculations will be analyzed. The deterministic and probabilistic values of RF values in the Antelope, Sanish, and Parshall fields are shown in Figure 4 and compiled in Table 2 . The deterministic RF values are calculated based on average primary reservoir parameters presented in Table 1 and the values lie within the probabilistic RF ranges (see Table 2 ). The 1 st and 99 th percentile range of the probabilistic values is used to allow maximum variance of results. For each field, the mean and median values are very similar, so only the mean values will be mentioned in the following.
Our analysis show that the RF of the Antelope Field is about 40% lower than the Sanish and Parshall fields even though the same set of primary reservoir parameters is used (see Table 1 ). The main reason for this difference is the contribution of difference between cumulative produced gas-oil ratio and initial solution gas-oil ratio term (R p -R soi term) in Eq. (5). From the equation, RF is inversely proportional to this term; thus large values of R p -R soi result in the small values of the RF. In Figure 5 , the production data from well #4018 in the Antelope Field shows that the R p -R soi term is approximately 1,000 -2,500 SCF/STB, while it is much smaller in the Sanish (well #17022) and Parshall fields (well #16346), which are around 100 -200 and 70 -100 SCF/STB. The contribution of (R p -R soi ) to decreased RF implies that reservoir pressure maintenance to prevent gas production is important for maintaining high RF. 
Expected ultimate recovery results and analyses
Using the DCA technique and the abandonment rate as discussed, well-by-well EURs of the three studied fields are derived and presented here as color maps. The color maps depict the distribution of the EUR with cool colors for low EUR wells and hot colors for high EUR wells. Figure 6 shows the wells drilled and produced in the Antelope Field. The right-hand side of Figure 6 illustrates a location map of the field while the magnified area in the left-hand side of Figure 6 shows the 52 vertical wells and 3 horizontal wells in the field. The location of high EUR wells (hot colors) at the center of the field is shaded in green color. Most low EUR wells (cool color) are located outside the green-shaded area. The EUR of this field has a wide range, from 0.07 to 2,417 Mbbl and the 25 wells in the green-shaded area contribute 75% of total EUR of the field (11,458 Mbbl out of a total EUR of 15,329 Mbbl). The majority of the wells (33 wells from 52 wells or approximately 63% of total wells) contribute EUR less than 250 Mbbl. In addition, only 3 wells (around 6% of total wells) have EUR greater than 1,000 Mbbl.
Antelope Field

Sanish Field
The EUR color maps of 102 wells in the Sanish Field are shown in Figure 7 . The right-hand side of Figure 7 shows the location map of the field while the magnified area in the left-hand side of Figure 7 shows the 102 horizontal wells drilled in the field. It is clear that the high EUR wells (hot color) are located in the east area of the field, shaded in yellow color. Most low EUR wells are located outside the yellow-shaded area. The 29 high EUR wells in this yellow region contribute 51% of total EUR of the field (27,096 Mbbl out of a total EUR of 53,318 Mbbl). Figure 8 shows color map of EUR for the 162 wells in the Parshall Field. Similar patterns to the Antelope and Sanish fields, the map shows the high EUR wells (hot color) are located in the west area of the field, as highlighted in green region. The 67 wells in the region contribute EUR approximately 60% of entire field (59,821 Mbbl out of a total EUR of 99,317 Mbbl).
Parshall Field
Since the Sanish and Parshall fields are located next to each other, a combined map of these two fields in Figure 9 can indicate the high EUR area located at the center part of these two fields. An EUR comparison of three fields is shown in Figure 10 . A majority of the wells in the Parshall Field have EUR about 500 -1,000 Mbbl. In addition, the biggest difference in EUR of the three fields is observed in the wells that produce below 1500
Mbbls. The number of wells contributing below 250 Mbbls has reduced about 2 -4 times (63% versus 34% for Sanish and 14% for Parshall) than in the Antelope Field with only vertical wells and without multi-stage hydraulic fracturing completions. Thus, the biggest advantage for such wells and completions is not in the large producers but in the small to marginal producer wells that might be stimulated for incremental production.
Figure 10 -Summary and comparison of the statistical EUR results of the fields. Note that increment in EUR in the newer Sanish and
Parshall fields is only below 1500 Mbbl. Thus, the biggest advantage of the newer horizontal wells and fracture stimulations is not for large producers but for the small to marginal producing wells that might be stimulated for incremental production.
Analyses of high EUR wells
In the following, the reasons why some wells or areas perform better than others are analyzed. Based on possible causes and availability of data, two main differences, namely the number of hydraulic fracturing stages and the hydrocarbon pore volumes per area (HCPV/area) of the fields are investigated here.
Number of hydraulic fracturing stages
In the Sanish Field, all horizontal wells were hydraulically fractured with diverse stages of each well. Generally, wells with horizontal sections shorter than 7,000 ft had 5-9 stages, while wells with horizontal sections between 7,000 -10,000 ft had 7-12 stages of hydraulic fractures (Theloy, 2011) . It is expected that larger number of stages lead to greater EUR. However, Figure 11 suggests that the number of hydraulic fracturing stages has no apparent relationship with the EUR in the Sanish Field. For instance, wells with 10-stage hydraulic fractures can have EUR anywhere between 100 Mbbl to 2,700 Mbbl. 
EUR (Mbbl)
Numbers of stages of hydraulic fracturing
Hydrocarbon pore volume per area (HCPV/area) distribution in the fields
The HCPV/area is defined as the function of reservoir thickness, porosity, and initial water saturation (Simenson, 2010 
The HCPV map in the Sanish and Parshall fields from Simenson (2010) is presented in Figure 12 . In the figure, the hot color region represents the high HCPV/area, while cool colors show low values. Note that the high values are located in the east side of the Sanish Field and the west side of the Parshall Field. This observation is consistent with the combined color map of the EUR results in these two fields indicating the high EUR region (Figure 9 ). In summary, the HCPV/area has direct relationship with the EUR. The greater HCPV/area value results the higher EUR.
Original oil-in-place results
From the EUR and RF results, the original oil-in-place (OOIP) can be derived as the ratio between these two values. In this study, since the reservoir parameters are gathered at the field level, the calculated RF results represent the average RF of the fields, which are used with individual well EUR to compute OOIP of each well. The OOIP results of the Antelope, Sanish, and Parshall fields are shown in Figure 13 . Figure 13 shows that OOIP for each well in the Antelope Field has a wide range (from 0.7 to 27,433 Mbbl). In contrast, the OOIP range in the Sanish and Parshall fields is narrower (217 to 19, 440 Mbbl and 354 to 11, 292 Mbbl, respectively We also compared OOIP calculated from the EUR and the RF ratio with OOIP from volumetric method for the Sanish field using Eq. (8). For volumetric OOIP calculations, the parameters in the right-hand-side of the equation have to be compiled.
7758
(1 ) Bohrer et, al (2008) estimated reservoir drainage area (A) from well spacing of 640 acres or one square mile. The other parameters, such as initial water saturation (S wi ), porosity (φ) were gathered from rock and fluid properties. In this study, the mentioned properties are used from logging interpretation (Vera, 2011) . Since all wells in the Sanish field are horizontal wells, the measured thickness (h) from logging data are not normally obtained. For this reason, the thickness is assumed to be 30 ft. Figure 14 presents a comparison between OOIP from the EUR and the RF ratio and the volumetric OOIP. Figure 14 shows that most data fall below the line of equality. Hence, volumetric OOIP values are greater than the ones derived from the EUR and the RF ratio. In the Eq. (8), we assumed a drainage area equal to well spacing (640 acres) to calculate volumetric OOIP 
OOIP from EUR and RF ratio (Mbbl)
Volumetric OOIP (Mbbl) Figure 14 suggests the assumed drainage area should be reduced to make the OOIP from these two approaches match each other. Thus, the proper drainage area should be much less than 640 acres. One direct implication is to optimize the typical well spacing of 640 acres and investigate efficiency of an infill drilling program.
Conclusions
We have analyzed RF, EUR, and OOIP of the Bakken Formation. We have also investigated the effects of various input data required to make the calculations of RF. Our results and analyses show that:
• From deterministic and probabilistic analyses, the RF of Parshall Field (16%) is higher than that of the Antelope (9.2%) and Sanish (14.9%) fields.
• Well production data shows that this term is lowest in the Parshall Field because its cumulative produced gas-oil ratio (R p ) is low. As a result, the RF of the Parshall Field is the highest among the studied fields.
• The contribution of (R p -R soi ) to decreased RF implies that reservoir pressure maintenance to prevent gas production is important for maintaining high RF.
• In the Antelope Field, the high EUR area is located in the center of the field. High EUR areas in the Sanish and Parshall fields are located in the east (Sanish) and west side (Parshall).
• The number of hydraulic fracturing stages has no apparent relationship with EUR. However, hydrocarbon pore volume per area (HCPV/area) shows a direct relation to EUR.
• The Antelope Field shows a larger range of OOIP per well from the EUR and the RF ratio. In contrast, the distribution of OOIP per well in the Parshall Field is much smaller.
• A comparison between OOIP derived from two different methods shows the assumed drainage area might be much less than the current well spacing of 640 acres. An optimization of the well spacing and investigation of an infill drilling program should be considered. 
Nomenclature
